Abstract-Superoxide dismutase enzymes (SODs) are an essential part of the first line of cellular defense system against free radicals species. They catalyze the dismutation of superoxide radicals into oxygen and hydrogen peroxide. Although several studies have examined the attachment of superoxide dismutases to nanoparticles and nanostructures, never has been used a member of the Fe/MnSOD family. In this study, the behavior of plant origin FeSOD enzyme on three different nanopatterned surfaces was investigated as a function of covalent and electrostatic binding. Fluorescence microscopy was used to demonstrate that the protein is attached only to the gold layer. We also examined the activity of SOD by a colorimetric assay, and we have shown that the enzyme remains active after attachment to the three different surfaces under both kind of binding (electrostatic and covalent). This methodology could be useful for those who want to functionalize nanostructures with a SOD enzyme and test the activity. This process could be of great interest for the development of peroxynitrite and superoxide biosensors.
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I. INTRODUCTION
T HE DESIGN AND development of devices based on biomolecule immobilization onto nanostructures are of great interest in bio-nanotechnology, mainly due to the potential applications of these devices in the field of biosensors, disease diagnosis, and enzyme catalysis [1] . Unfortunately, making functional interfaces between biomolecules and surfaces presents challenges [2] - [4] . Protein structure and function can be influenced by the nanostructure surface. How surface properties affect immobilized enzymes is complex, and often the numerous non-covalent interactions between the surface and protein results in irreversible denaturation and loss of function of the biomolecules.
Nanostructures with different characteristics have been fabricated with high degree of control and have been used to immobilize biomolecules. The designed nanopattern could be used to improve the catalytic properties (due to their high surface to volume ratio) or the detection of the assembled proteins and their ligands [5] , [6] .
Superoxide radicals and superoxide dismutase (SOD) enzymes have been implicated in many disease states, including inflammatory diseases, ischemia and reperfusion, neurodegenerative diseases or cancer and they have shown more subtle roles in cell signaling and immune function [7] . Superoxide dismutases are enzymes that catalyze the dismutation of superoxide into oxygen and hydrogen peroxide. These enzymes have great physiological significance and therapeutic potential in the prevention of the oxidative damage from superoxide radicals. Thus, SOD may serve to estimate peroxynitrite radicals (a powerful oxidant) [8] . These characteristics make these enzymes excellent candidates for developing peroxynitrite and superoxide biosensors. There are three major families of superoxide dismutases, depending on the metal cofactor: the Cu/Zn type (which binds both copper and zinc), the Fe and Mn type (which binds either iron or manganese), and the Ni type, which binds nickel in the active center. CuZnSODs are the most common family of SODs used by eukaryotes [9] , FeSODs, and MnSODs are mainly used by prokaryotes and protists but could be found too in the chloroplast and mitochondria [10] , while NiSOD is strictly used by prokaryotes [11] . The enzyme used in this work, VuFeSOD, is a plant superoxide dismutase localized in the cytoplasm of the cowpea plant (Vigna unguiculata). This enzyme has two identical subunits of 27 kD that are not 1536-1241/$31.00 © 2012 IEEE covalently bound in a dimer, is very stable, and contains an iron (Fe) atom in a well-characterized 3-D protein structure [12] . Several studies exploring the attachment of SODs to nanoparticles and nanostructures have been published, but these studies invariably utilize a member of the CuZnSOD family and usually exploit the cysteine residues present in the CuZnSOD for attachment [13] - [15] .
In this work, we investigate the behavior of VuFeSOD on three different surfaces (two of them nanopatterned), which were chosen as a model nanoscale surfaces. We describe the nanopattern surface manufacturing, the functional immobilization of the purified enzymes by electrostatic and covalent methods and the immunological and enzymatic results, which confirmed the attachment and activity of the bounded enzyme. This information could improve SOD utility and efficiency in its range of applications, potentially enhancing the capabilities of superoxide and peroxinitrite sensor.
II. MATERIALS AND METHODS

A. Nanopattern Fabrication
Laser interference lithography (LIL) is a process which allows the production of periodic nanoscale structures in a large area. The line nanostructures were manufactured by LIL using a Lloyd's mirror set-up that utilizes the interference of a coherent laser beam (50 mW He-Cd, ) to record nanopatterns onto a film of photoresist. The metal nanopattern was produced by an e-beam evaporator (40 nm of , 5 nm of Cr and 20 nm of Au) followed by a lift-off process [ Fig. 1(a) ]. The nanostructure fabrication was characterized with a field emission scanning electron microscopy (FE-SEM, Ultraplus, Carl-Zeiss).
B. Nanopattern FeSOD Functionalization
The nanostructures (Npat) were cleaned according to literature methods [16] , rinsed under a stream of running ultrapure water and blow-dried with nitrogen gas. The surface of the nanostructures was modified with 1 mM of 11-mercapto undecanoic acid (MUA) during 24 h to form a self-assembled monolayer (SAM). The covalent bonds between the protein and SAM were obtained by: 1) activating the SAM with EDC and sulfo-NHS and 2) incubating with FeSOD protein (resuspended in 10 mM sodium phosphate buffer, ). After one-hour incubation, the Npat-FeSOD conjugates were washed with 50 mM potassium phosphate buffer and incubated for 30 min with BSA to block the unreacted MUA. The Npat were washed three times with 10 mM potassium phosphate buffer to remove the excess of BSA. To mediate electrostatic binding, the protein was directly adsorbed onto the SAM by incubating the FeSOD in the absence of the EDC/NHS reagents. FeSOD was produced and purified as previously described [8] .
C. Fluorescence Microscopy
The FeSOD protein was covalently conjugated using the EDC/NHS method described above. After three washes with Tris Buffer Saline (TBS), the nanostructures with conjugated FeSOD were incubated with 1% BSA/TBS, washed with TBS, and fixed with 3.7% paraformaldehyde (PFA) for 15 min. Subsequently, the samples were incubated with rabbit anti-FeSOD antibody [17] at a 1:500 dilution in TBS for 1 h. After three washes with 0.05% Tween 20 in TBS (T-TBS), the samples were incubated with a donkey anti-rabbit Cy2-conjugated antibody (Jackson Immunological) at a 1:200 dilution in TBS for 1 hour and were washed with T-TBS, TBS, and water. The control includes Npat conjugated with BSA instead of VuFeSOD.
D. The Analysis of the SOD Activity
The SOD activity was determined with a modified method that was previously described by Sun and coworkers in 1988 [18] . Briefly, this method utilizes the ability of the combination of xanthine and xanthine oxidase (XA/XAO) to produce superoxide ions, which converts Nitrotetrazolium Blue chloride (NBT) to diformazan. In the presence of SOD, the superoxide ion is converted to and results in a reduction (inhibition) of the diformazan formation. Diformazan is a dark blue compound that can be monitored at 560 nm. A 10x XA mix consists in XA 0.1 mM, EDTA 0.1 mM, BSA 50
, NBT 50 , 40 mM. XAO was prepared by diluting 5 of the xantine oxidase (Sigma Aldrich product number X1875) in 2 mL of water immediately before use. For 1 mL of the assay mix, 100
of XA mix and 100 of XAO mix were added to 800 of 10 mM phosphate buffer . A sample without the XA mix was used as a zero. A 200-drop of the assay mixture was placed over the 4 nanostructures. Samples of Npat-FeSOD conjugated with and without (a potent inhibitor of FeSOD) and only MUA (control) were tested. After 15 min of incubation, 100 of each sample were placed into a microplate well and measured in a microplate absorbance reader (Spectra Max plate reader, Molecular Devices) at . The inhibition percentage was calculated with respect to the MUA control. Assays were performed in triplicate, and the entire process was repeated twice. Data from different nanostructures and experimental runs were collected to calculate the average. All statistical analysis were performed with Statistical Product and Service Solutions (SPSS; v.19.0), using unifactorial analyses of variance. The Levene test was used, and LSD statistics applied for variables with homogeneity of variance and the Dunnett T3 test for cases of non-homoscedasticity. All statistical analyses were performed at a significance level of 5% . All chemicals were purchased from Sigma Aldrich, except for EDC and NHS from Pierce, Thermo-Scientific.
III. RESULTS
Laser interference lithography allowed us to fabricate controlled nanostructures with a discrete line patterns. Two structures consisted of rectangular line patterns with a 600 nm period and a 360 nm line width (Npat1 and Npat2). Npat1 had gold only on the top of the line, Npat2 had gold covering the entire structure, and the third structure consisted of a flat gold surface [ Fig. 1(a) ]. These different structures allowed us to evaluate surfaces with different pattern (flat or nanopatterned) and different amount of gold (Npt1: 0,66, Npt2: 1,1, and flat surface: 1,0 parts per unit of gold). We expected that the amount of protein bound would increase with gold content, which should result in a higher SOD activity. Scanning electron microscopy (SEM) was used to measure the grating dimensions and the quality of the fabrication process [ Fig. 1(b) ]. For fluorescence microscopy experiments, an additional pattern was fabricated. The nanostructure was similar to the Npat1, but this pattern had 1 period and 400 nm line width of gold to facilitate the detection of fluorescence bands by microscope. The fluorescence microscopy showed a fluorescence pattern that corresponds with the width of the gold lines, providing evidence that the protein was bound specifically to this material (Fig. 2) . Fluorescence was not detected in the BSA-functionalized control nanostructure (not shown), which indicates that this fluorescence was exclusively due to the presence of VuFeSOD on the grating. Finally, to characterize the stability of the VuFeSOD binding, a series of SOD activity assays were conducted with the three different nanostructures and under two different binding conditions. SOD activity was assessed by the inhibition of diformazan formation. A negative control was done by hydrogen peroxide which inhibits the FeSOD activity. This control, bring us information about the amount of superoxide scavenged by the aminoacid secuence of the protein itself. The results showed no statistical variation with respect to the MUA control (100% of diformazan formation) (Fig. 3) . A decrease in diformazan formation was observed in all the samples, due to the superoxide dismutase activity of the protein, when was not inhibited (Fig. 3 ). Significant differences were not found between the FeSOD binding method (covalent or electrostatic) (Fig. 3) .
IV. DISCUSSION AND CONCLUSIONS
Laser interference lithography can be used to fabricate uniform gratings [ Fig. 1(b) ]. Three structures were made with different amounts of gold. The Npat1 has the smaller amount of total gold surface area, approximately 36% less than the flat surface and the Npat2 has 10% more gold area compared to the flat surface.
It is known that the Npat could be used to enhance the signal of the bio-nanosensors [19] , which makes any method that facilitates the binding of biomolecules without loss of conformation and activity attractive to study. Although other authors have used cysteine residues to bind the CuZnSODs enzymes directly to the gold [13] - [15] , our attempts to form the direct bond between the single cys and the Au-surface failed. This result is probably because the unique cys residue is found inside the protein structure [12] , which could hamper the interaction with the gold layer. This observation prompted us to use a SAM as a linker and test both covalent and electrostatic binding. Fluorescence microscopy experiments show that the VuFeSOD is exclusively attached onto the gold layer, as the lines detected by this technique match the period and width of the Npat type 1 (Fig. 2) . This information provides evidence that covalent attachment could be use to bind SOD proteins only to gold surface. As expected, the SAM (via EDC/NHS covalent conjugation or simple electrostatic binding) generates a VuFeSOD layer over the gold part of the nanostructure. Covalent conjugation occurs via crosslinking agent (EDC) used to couple carboxyl groups of the SAM to the primary amines of the protein as has been described previously [20] , and non-covalent conjugation occurs via electrostatic interaction between positively charged side chains of the amino acid and negatively charged SAM.
To understand how these Npats impact protein function, enzymatic activity of SOD on the different Npats was measured by a colorimetric assay. We have tested 1) nanostructures functionalized with VuFeSOD and 2) the same nanostructures-VuFeSOD inhibited by hydrogen peroxide (a well-known inhibitor of this enzyme) [17] as a control, to discard the effect of the superoxide anion scavenging by the protein amino acids. A significant effect was not detected for these samples, pointing out the this unspecific scavenging is quite low. Samples that were not treated with showed increased inhibition of the reaction over the control, indicating that the VuFeSOD remains active and probably correctly folded despite the covalent/electrostatic binding to the surface. Significant differences were not found between covalent and electrostatic binding (Fig. 3) . This observation is consistent with data obtained in our laboratory for covalent and electrostatic binding of VuFeSOD to gold nanoparticles functionalized with MUA (unpublished data). Therefore, both binding methods are appropriate alternatives to functionalize surfaces with FeSOD family members while retaining enzymatic activity. The increase in SOD activity becomes more robust when the amount of gold surface increases. This finding reveals that the amount of protein bound per surface area can be tuned by the sort of nanopatterned surface considered. This property could be useful to enhance the performance of different applications of bio-catalysts or nanoprobes. Moreover, this approach seems to be a fast and simple method to test whether SOD enzymes attached to a structure remains active. Furthermore, this work suggests the possibility that SODs beyond the CuZnSOD family may be used in developing reactive oxygen species sensors.
